Abstract: The degradation of device under GIDL (gate-induced drain leakage current) stress has been studied using LDD NMOSFETs with 1.4 nm gate oxides. Experimental result shows that the degradation of device parameters depends more strongly on V d than on V g . The characteristics of the GIDL current are used to analyze the damage generated during the stress. It is clearly found that the change of GIDL current before and after stress can be divided into two stages. The trapping of holes in the oxide is dominant in the first stage, but that of electrons in the oxide is dominant in the second stage. It is due to the common effects of edge direct tunneling and band-to-band tunneling. SILC（stress induced leakage current）in the NMOSFET decreases with increasing stress time under GIDL stress. The degradation characteristic of SILC also shows saturating time dependence. SILC is strongly dependent on the measured gate voltage. The higher the measured gate voltage, the less serious the degradation of the gate current. A likely mechanism is presented to explain the origin of SILC during GIDL stress.
Introduction
The off-state drain leakage is one of the big issues for aggressively shrunk MOSFETs. Gate-induced drain leakage current (GIDL) is a major source of off-state drain leakage current [1] . For a fresh MOSFET, GIDL is attributed to bandto-band tunneling process at Si/SiO 2 interface due to the gateinduced high field at the deep-depleted gate-to-drain overlap region. It is one of the major issues for retention time degradation in dynamic random access memories (DRAM's) [2−6] . Reducing the size of a DRAM cell usually causes an increase of the electric field under the gate which makes the cell transistor more susceptible to GIDL. The GIDL current itself involves hot-hole effects which can introduce holes trapping in gate oxides and result in device instabilities. However, the location of these trapped holes which affect the GIDL current mostly is still uncertain [7, 8] . With the scaling down of the thickness of active dielectrics in CMOS, direct-tunneling (DT) gate leakage becomes significant in transistor operation. So the off-state device reliability should be an important issue. Much research has been done on GIDL stress, but no complete agreement has been reached about its degradation mechanism.
Our previous work focused on GIDL current in 90 nm CMOS technology using lightly-doped drain (LDD) NMOS-FET and showed that the drain bias V d has a strong effect on GIDL current as compared with the gate bias V g [8] . The threshold (V th ) degradation has also been investigated under GIDL stress in LDD NMOSFET with 1.4 nm thick gate oxide in our work [7] . But these investigations have not dealt with the effect of GIDL stress on the degradation of device deeply and have not given a good analysis on the damage mechanism. It is necessary to perform a further investigation on GIDL stress.
In this paper, we study the off-state instabilities of NMOSFET with 1.4 nm gate oxides under GIDL stress. The degradation of device parameters is also presented. The effects of GIDL stress on GIDL current and the stress induced leakage current (SILC) is emphasized. The characteristics of the GIDL current are used to analyze the damage generated during the stress. A likely mechanism is presented to explain the origin of SILC during GIDL stress.
Devices and experiments
The devices used in this paper are LDD NMOSFETs, fabricated in a standard 90 nm CMOS technology. The LDD NMOSFET is a surface device with N + poly-Si gate. The gate oxide thickness (T ox ) of the device is 1.4 nm with decoupledplasma-nitridation (DPN) processing. The NMOSFETs have a channel length (L) of 0.35 µm and a width (W) of 5 µm. The operation voltage is 1.0 V for the MOSFETs. GIDL stress and I-V measurements were made by an Agilent B1500A semiconductor parameter analyzer. The GIDL stress was performed at V g < 0 V and V d > 0 V, while the source and substrate electrodes were grounded. Stress was interrupted at regular intervals and device parameters were measured. GIDL current were periodically monitored by fixing V d at 1.2 V and sweeping V g from −1.5 to 0 V. The SILCs were characterized by measuring the I-t (gate current-stress time) and I-V (gate current-gate voltage) characteristics at constant, low, pre-tunneling voltages at regular intervals. All experiments were carried out at room temperature. Aggressive shrinking of MOSFET causes directtunneling (DT) gate leakage to become significant in transistor operation. In this thin gate oxide region, direct tunneling current increases exponentially with oxide thickness decreasing, which is of primary concern for CMOS scaling [9, 10] . The GIDL stress is performed at V g < 0 V and V d > 0 V, a strong vertical field will be generated in the gate/drain overlap region. Edge direct tunneling (EDT) of electron from n + polysilicon gate to underlying n-drain extension will play important role during GIDL stress. The degradation of device is due to the common effects of edge direct tunneling and band-to-band tunneling.
Results and discussion
First, the degradation of device parameters is studied under GIDL stress in NMOSFETs. Figure 1 shows the time dependence of degradation of device parameters. The degradation of device parameters is very particular. V th in the NMOS-FET increases and the other parameters in the NMOSFET decrease with time. The degradation of linear drain current (I dlin ) is the most serious, that of saturation drain current (I dsat ) is the second. GIDL stress not only depends on the gate voltage V g , but also the drain voltage V d . It is necessary to investigate the different influences of V g and V d on the degradation of device. The I dlin degradation has been studied under different GIDL stress conditions. The I dlin degradation during GIDL stresses at constant V g increases with increasing V d as shown in Fig. 2 , that at constant V d increases with increasing V g as shown in Fig. 3 , and that at constant drain-gate voltage V dg Second, the damage is investigated through the analysis of GIDL current. Because the GIDL current is very sensitive to the trapped charge and the interface traps at the interface in the gate-to-LDD region. For NMOSFETs, all the interface traps become neutral at high V dg , thus only the oxide trapped charges affect the GIDL current [11] . But at low V dg , interface traps alter the GIDL current by introducing a trap-assisted leakage component [12] . GIDL current was periodically monitored at each stress condition. From GIDL current evolution before and after GIDL stress as shown in Fig. 5 , it is found that the change of GIDL current can be divided into two stages. In the first stage, the GIDL current increases at low V dg , which indicates that interface traps generated during GIDL stress which assists in band-to-band tunneling. Meanwhile, GIDL current decreases at high V dg , which gives the evidence that the holes are trapped in the oxide during GIDL stress. These trapped holes at the interface depress energy band bending of Si at interface in the gate-to-LDD region. As a result, the electron tunneling length from valence band to conductance band becomes longer and the GIDL current decreases. In the second stage, the GIDL current continues to increase at low V dg , which indicates that interface traps still generated during GIDL stress. Meanwhile, GIDL current increases at high V dg , which shows that the electrons are trapped in the oxide during GIDL stress. These trapped electrons at the interface make the electron tunneling length from valence band to conductance band become shorter, so the GIDL current increases. From the above analysis, it can be concluded that it is inaccurate to argue that GIDL stress only to introduce holes trapping in gate oxides. Although the GIDL current itself involves hot-hole effects which can introduce holes trapping in gate oxides and result in device instabilities, there must be some other mechanism playing an important role during GIDL stress. Figure 6 shows device cross section and band diagram at the gate-to-drain overlap region under GIDL stress. Band-toband tunneling happens in the deep-depletion region of drain underneath the gate-to-drain overlap; among all the holes created from the band-to-band tunneling, most of them flow into the substrate due to the lateral field, while just a fraction of the holes are injected into the gate oxide with the aid of the vertical field. These trapped holes cause GIDL current at high V dg to decrease in the early stage of GIDL stress as shown in Fig. 5 . But for thin gate oxide thicknesses, electrons tunneling from the gate can not be neglected. Those trapped holes created from band-to-band tunneling can be neutralized rapidly by a subsequent electron injection into the same region. The decreased GIDL current at the high V dg can be quickly recovered by the subsequent injection of electrons, and even increases beyond the original value. This results in an increase of GIDL current at the high V dg in the last stage of GIDL stress as shown in Fig. 5 . In a word, electrons from the gate and holes created from the band-to-band tunneling are probably injected into the gate/drain overlap region of the gate under GIDL stress. The trapping of holes in the oxide is dominant in the first stage, but that of electrons in the oxide is dominant in the second stage. The change of GIDL current under GIDL stress is due to the common effects of edge direct tunneling and band-to- In order to further investigate the effect of GIDL stress on the damage of device, SILC is also been monitored during stress. We suppose (I g − I g0 )/I g0 as the SILC, where I g is the gate leakage current measured from the interruption of stresses, and I g0 is the initial gate leakage current. Figure 6 shows the time evolution of SILC measured at different positive gate voltage under GIDL stress in LDD NMOS-FET. SILC in the NMOSFET decreases with increasing stress time and also gets saturated after a long stress time as shown in Fig. 7(a) . SILC is strongly dependent on the measured gate voltage. The higher the measured gate voltage, the less serious the degradation of the gate current. The time evolution of SILC in the log-log scale under GIDL stress in NMOSFET is drawn in Fig. 7(b) . The degradation slope of SILC becomes smaller with increasing stress time. The SILC degradation shows the saturating time dependence. Figure 8 shows the gate current as a function of the gate voltage before and after GIDL stress for 1.4 nm-thick gate oxide. It is also clearly found that the SILC decreases with the stress time. Figure 6 also shows two likely origins of the gate current under GIDL stress: electrons tunneling through the oxide to the drain due to edge direct tunneling and holes injection created from the band-to-band tunneling over the oxide to the gate. In the early stage of GIDL stress, a fraction of the holes created from the band-to-band tunneling inject into the gate oxide. Some neutral traps are generated by the hole injection. Meanwhile, these holes can also be trapped by the 044004-3 neutral traps. The SILC is measured at constant, low, positive voltages after GIDL stress. During the measurement of SILC, electrons can emit from the inverted channel. These electrons can be neutralized by the holes trapped into the neutral traps. At the same time, some of the electrons also can be trapped by the neutral traps and prevent electrons emitting from the inverted channel. So SILC decreases with stress time in the first state. In the last stage of GIDL stress, electrons tunneling from the gate are dominant. Some electrons can be trapped in the oxide finally and become oxide trapped negative charges. During the measurement of SILC, the oxide trapped negative charges can prevent electrons tunneling through the oxide by enhancing the barrier height and lowering the electric field in the oxide. So SILC also decreases with stress time in the last state. In the first state, electrons from the inverted channel not only can be neutralized but also can be trapped. Therefore, the degradation of SILC is more serious. When the measured gate voltage is higher, electrons from inverted channel can emit toward the gate more easily. Then the higher the measured gate voltage, the less serious the degradation of the gate current.
Conclusion
In summary, the degradation of devices has been investigated in detail under GIDL stress in this paper. Firstly, the degradation of device parameters is presented. Experimental result shows that the degradation of device parameters depends more strongly on V d than on V g . We mainly focus on the effects of GIDL stress on GIDL current and SILC. The damage is investigated through the analysis of GIDL current. From GIDL current evolution before and after GIDL stress, it is found that the change of GIDL current can be divided into two stages. The trapping of holes in the oxide is dominant in the first stage, but that of electrons in the oxide is dominant in the second stage. This is due to the common effects of edge direct tunneling and band-to-band tunneling. SILC in the nMOSFET decreases with increasing stress time under GIDL stress. The degradation characteristic of SILC shows the saturating time dependence. SILC is strongly dependent on the measured gate voltage. The higher the measured gate voltage, the less serious the degradation of the gate current. A likely mechanism is presented to explain the origin of SILC during GIDL stress.
